Experimental results reveal that the pulse noise liked spots are eliminated by the proposed method. And finally, conclusions on the better performance on both lIf noise reduction and edge and detail preservation are carried out compared with previous de noising methods, i.e., median filter, Wiener filter, Lee filter, and traditional anisotropic diffusion based filter. Furthermore, the results will be applicable to the CIS manufacturing and also contribute de-noising to still camera and video camera.
I. I NTRODUCTION
At present, the complementary metal oxide semiconductor image sensors (CMOS image sensors: CIS) manufacturers are pursuing high quality images with high resolution and having less noise as the perceptual requirement of human increases. However, noise in CIS always appears as the biggest problem causing low image quality. Ilf noise is one of the noises under intense research and caused by multi-defects in the surface of CMOS devices. Although many researchers have been trying to model and analyse the behaviour of 1If noise [1 ]- [4] , general theory is still insufficient to explain the widespread occurrence of lIf noise until now [5] . Recently, parts of the characteristics of Ilf noise have been explained as a stochastic sequence with a lIf spectrum which is generated by summing up the outputs of several relaxation processes driven by a single stochastic sequence with a white spectrum [6] . As a sequence, we use a white Gaussian noise to simulate the behaviour of Ilf noise in this study.
Since lIf noise in CIS becomes pronounced as a result of the downscaling, therefore, image post-processing techniques are needed to suppress lIf noise. Traditional noise reduction methods are always based on the local statistics of pixels in a mask, i.e., mean filtering [7] , median filtering [8] , [9] , or Wiener filtering [10] . However, these filters blur the edges at the same time of smoothing an image. Recently, de-noising methods based on anisotropic diffusion are effective for both additive noise reduction and edge and detail preservation [11] -978-1-4244-3867-9/09/$25.00 ©2009 IEEE [14] . Unfortunately, pulse noise liked spots in the de-noised images come up as a new problem, which is caused by a few high level noises in the noisy images [11] .
White Gaussian noise may introduce infi nite greyscale values in theory, which is the cause of pulse noise liked spots in the de-noised images. Therefore, we propose a new pre processing technique using Pulse Coupled Neural Network (PCNN), which is aimed towards suppress the high level noises and improving the performance of anisotropic diffusion for 1If noise reduction. Consequently, the pulse noise liked spots can be eliminated from the de-noised images.
Gray [15] discovered the correlated oscillatory occurrences in mammalian visual cortex pulsed by neurons in 1987 and published their research findings in 1989 . At the same time, Eckhom [16] - [18] proposed the neural modelling of a cat's visual cortex which soon was recognized as having significant application potential in image processing. In 1994 , Johnson [19] explained this model by means of circuit theories and adapted it to image processing named as PCNN.
In the proposed method, a time matrix is generated by PCNN to convert an image trom spatial domain into time domain. And then according to the characteristics of noisy and noise tree pixels in the time domain, a Lee filter for additive noise and a median filter are applied respectively, which is the proposed pre-processing technique to suppress the high level noises. An anisotropic diffusion fi lter is followed to perform on the pre-processed image and the de-noised image is fmally output. Based on the experimental results, the effectiveness of the proposed method on avoiding of the appearance of the pulse noise liked spots, lIf noise suppression, and edge and detail preservation is demonstrated. This paper is organized as follows. Section II shows the modelling of Ilf noise on CIS. Section TIT explains the details of the proposed 1If noise reduction method using anisotropic diffusion based on PCNN. And experimental results are summarized in Section IV. Finally, the conclusion is carried out in Section IV.
IT. M ETHODOLOGY
In order to eliminate the appearance of the pulse noise liked spots in the de-noised images of the traditional anisotropic diffusion based methods due to a few high level noises, this paper proposes an improved anisotropic diffusion method based on PCNN for 1If noise reduction in the pinned-type CIS. Although the mechanism of lIf noise is still not completely known until now, we use a white Gaussian noise with mean zero and standard deviation (J to simulate the behaviour of the lIf in CIS. The calculation of (J is given as (1 )- ( 5), where K is a parameter controlling the diffusion extension. The original anisotropic diffusion method always performs well on additive noise reduction. However, it is extremely difficult to select a proper threshold value K for different noise situations. Therefore, pulse noises like spots appear in the de-noised image, which is shown in Fig. 1 
(b).
(1) C. PCNN based Pre-processing Method
where Kjlicker is a constant; Ip, Ie are drain current of a pixel and a column; Lap' Wap and Lac, Wac are the size of the amplifYing transistor of a pixeland a column; Lsp, WSp and Lsc, WSc are the size of the select transistor of a pixel and a column; rt p in is the transfer efficiency of the photo diode of CIS pixels; and gc is the gain of column.
B. Anisotropic Diffusion
Anisotropic diffusion removes noise by means of iteratively modifYing an image via a partial differential equation (PDE). The nonlinear de-noising approach using anisotropic diffusion is firstly presented by Perona and Malik in 1990 [20] and is defmed by (6) and (7), (7) where 10 and It are the input image and the output image at t-th iteration; VI and I VII are the gradient of I and its module; g(x) is the diffusion coefficient and g(x) is defmed as (8 ) and (9),
PCNN for image processing is usually a single layer two dimensional array of laterally linked neurons as shown in Fig.  2 . Each neuron in the network strictly corresponds to one pixel in an input image and receives the intensity of its corresponding pixel as an external stimulus. Each neuron also connects with its neighbouring neurons and receives local stimulus from them. Tn original PCNN model, each neuron mainly consists of two functional components, feeding field F and linking field L which are connected with its surrounding neurons by synaptic weight matrix M and W respectively. Both of them are through iterative computation which is exponential decay, in addition, only the feeding field F receives the external stimulus, and the iterative computation of F and L are depicted as (10) and (11), where Fij and Lij are the F and L of neuron (ij), Yk! is the output of neuron (k,f) at (n-I) iteration; Sif is the external stimulus of neuron (i,j); 0.1" and aT. are the exponential decay time constants of F and L; and V1" and Vr. are the intrinsic voltage of F and L. There exists many selections for M and W. In a general way, Milk! and Wifkl, the synaptic weight between neurons (ij) and (k,f), are defmed as (12) which is the reciprocal of Euclidean distance,
The distinction between the F and the L is that the feeding connections are required to have a slower characteristic response time constant than those of the linking inputs. The linking inputs are biased and then multiplied together, and further multiplied with the feeding input to form the total internal activity U, Fig. 3 . The characteristics of 1If noise in soatial domain (13) where fJ is the linking strength factor between synapses. The pulse generator of the neuron consists of a step function generator and a threshold signal generator, and the threshold input at each time step is updated as exponential decay. At each time step the neuron output Y is set to I, which is also called fire, when the internal activity U is greater than the threshold function T. The output of the neuron is consequently reset to zero when U is less than T. Thus at one time step the pulse generator produces a single pulse at its output whenever the value of U exceeds T. The peNN model is defined as (14) and (15),
(IS)
where aT and VT are the exponential decay time constant and the intrinsic voltage constant of Tij.
Since peNN is inspired by a cat's visual cortex and there are many similarities between peNN and the visual properties of human eyes. For example, both peNN and human eyes are sensitive to regions with large contrast in an image instead of flat regions. Based on this viewpoint, we propose a new pre processing method based on a simplified peNN model in order to suppress Ilf noise on those pixels which have high level noise. Tn the proposed pre-processing method, the peNN model is simplified by means of that the F of each neuron only receives the external stimulus, the intensity of its corresponding pixel in the input image, which is given as (16), (16) As the characteristics of the spatial distribution of lIf noise shown in Fig. 3 , a pixel which has high noise level usually has a higher or lower intensity compared with all its surrounding pixels. It makes a big difference between the noisy pixel and edge because of the continuity of edge. In a similar way, a significantly noisy neuron is fired either earlier or later than all of its neighbouring neurons. By contrast, there are at least two neighbouring neurons having the same fire time with those neurons on edge, which can be recorded by the time matrix of peNN. The time matrix FT of peNN is a tool to convert an image from spatial domain to time domain, which is defined as (17), 
where FTii is the time of the first fire of neuron (i,j). The number of elements in FT is equal to the number of neurons in the peNN, and one-to-one correspondence exists between FTij and neuron (i,j). The time matrix of a noise free image and its corresponding noisy image are shown in Fig. 4 . Equation (17) shows that FT is generated according to the central pixel and its neighboring pixels, so if and only if a pixel (i,j) has higher contrast with its surrounding pixels, it has a larger value at FTi,j' Pixels in an input image are divided into two sets according to its FT in the proposed pre-processing method. Set I includes the pixels having high noise, and set II includes the remains of the pixels. We then apply a 3x3 median filter to smooth set I and a 5x5 Lee filter are used to suppress the lIf noise and enhance edge of set IT. Especially, the Lee filter used in this paper is aiming at additive noise [21] - [23] and is given as (18) and (19), (18) (19) where Yij and Yi j are the original value and the estimated value of pixel (i,j); Yi j and (J; are the local mean and variance of (i,j);
(J� is the variance of the lIf noise. We denote the proposed pre-processing method as !P(J), then the proposed 1/f noise reduction method is given as (20) (22),
proposed pre-processing method and the proposed PCNN based anisotropic diffusion method are shown in Fig. 5 . And the 1/f noisy and the de-noised Lena images are shown in Fig.  6 and Fig. 7 . The parameters ofPCNN used in the experiments is specified as aL = 1.0, al = 1.0, VL = 1.0, Vj = 1.0, fJ = 0.1.
To evaluate the quality of de-noised images, measures Peak aI/at = div(g(IVI",I)VI",)
Signal-to-noise Ratio (PSNR) and Signal-to-noise (S/MSE) ratio (Andrews and Hunt, 1977) have been calculated to I "'lt=o = 10 (22) quantitatively estimate the lIf noise suppression [24] , which are defined as (23)- (25), where I ljJ lois the initial state of the proposed method, which is an improved anisotropic diffusion based de-noising method; and we used (8) as the diffusion coefficient.
Ill. EXPERIMENTAL RESULTS AND DISCUSSION
To demonstrate the effectiveness of the proposed method, we have performed experiments on three grayscale images polluted by lIf noise: a 400xlOO abrupt edge image, a 400xlOO gradual edge image, and a 512x512 Lena. By comparison, traditional de-noising methods, i.e., median filter, Wiener filter, Lee filter, the traditional anisotropic diffusion filter, and the proposed pre-processing method were also performed on the experimental images. The noise free of abrupt edge and gradual edge and their respective de-noised images by both the 
where 0 and J are the object image and the original image; M and N is the width and height of 0 and J; peakSignal is the maximum grayscale value of J and 0; and flo is the mean grayscale value of O.
On the other hand, it is of great importance to preserve the edge and details of an image during the 1If noise suppression. Therefore, another two measures f3 and structural similarity (SSJM) for edge preservation are also calculated. f3 is defined as (26) [24] , where fJO and fJJ are the high-pass filtered images of 0 and the reference image J obtained by a standard approximation of the Laplacian operator given by (27) [25] , Mj and iJl are the mean value of fJO and fjJ respectively. Function r is defmed as (28),
And SSJM is defined as (29),
The four measures have been calculated for all the three experimental images and are summarized in Table I . From the experimental results in Table I and Fig. 6 , median filter has the best performance for Ilf noise reduction on the simple structured images, i.e., abrupt edge and gradual image, than Wiener filter, Lee filter, and the traditional anisotropic diffusion filter. And the traditional anisotropic diffusion filter shows the best performance on image having more details for lIf noise suppression and edge and detail preservation such as Lena in the traditional de-noising methods. Furthermore, the proposed pre-processing method also has a bit capability for both lIf noise suppression and edge and details preservation, especially for the images which have objects with gradual edge as shown in Fig. 5 . As mentioned above, the traditional anisotropic diffusion filter is effective to remove Ilf noise. However, from Fig. 6 (b) we can fmd that many pulse noise liked spots appear in the de-noised image because of the existence of some high level noise in the noise free image. Tn contrast, the proposed pre-pressing method is an excellent solution to eliminate the high level noises in an image, then a anisotropic diffusion filter is applied to the pre-processed image. As a result, the pulse noise liked spots are removed in the de-noised images as shown in Fig. 7 (a) .
IV. CONCLUSION
The proposed PCNN based anisotropic diffusion method for lIf noise reduction makes use of the visual properties of mammal and has solved the problem of the appearance of the pulse noise liked spots in the traditional anisotropic diffusion based de-noising methods. Experimental results show that the proposed method could more effectively restrain from the lIf noise than the traditional de-noising techniques introduced above. By PSNR, S/MSE, SSTM, and �, the proposed method produced good results in noise suppression and edge and details preservation. For future works, the proposed method will also be performed on colour images for experiments, and the results will be applicable to the manufacturing and also contribute de-noising to still camera and video camera.
